Purpose: Fragile X syndrome is associated with the expansion of CGG trinucleotide repeats and subsequent methylation of the FMR1 gene. Molecular diagnosis of fragile X currently requires Southern blot analysis to assess methylation. This study describes the evaluation of a polymerase chain reaction-only workflow for the determination of methylation status across a broad range of FMR1 genotypes in male and female specimens. Methods: We evaluated a novel method that combines allele-specific methylation polymerase chain reaction and capillary electrophoresis with eight cell line and 80 clinical samples, including 39 full mutations. Methylation status was determined using a three-step workflow: (1) differential treatment of genomic DNA using a methylation-sensitive restriction enzyme; (2) polymerase chain reaction with two sets of dye-tagged primers; and (3) amplicon sizing by capillary electrophoresis. All samples were analyzed by both methylation polymerase chain reaction and Southern blot analysis. Results: FMR1 methylation status and CGG repeat sizing were accurately and reproducibly determined in a set of methylation controls and genomic DNA samples representing a spectrum of CGG repeat lengths and methylation states. Moreover, methylation polymerase chain reaction revealed allele-specific methylation patterns in premutation alleles that were unobtainable using Southern blot analysis. Conclusions: Methylation polymerase chain reaction enabled high throughput, high resolution, and semiquantitative methylation assessments of FMR1 alleles, as well as determinations of CGG repeat length. Results for all samples were concordant with corresponding Southern blot analyses. As a result, this study presents a polymerase chain reaction-based method for comprehensive FMR1 analysis. In addition, the identification of novel methylation mosaic patterns revealed after polymerase chain reaction and capillary electrophoresis may be relevant to several FMR1 disorders. Genet Med 2011:13(6):528 -538.
F ragile X syndrome (FXS, OMIM# 300624) and related disorders are associated with expansion of CGG repeats in the 5Ј untranslated region of the fragile X mental retardation-1 (FMR1) gene, OMIM# 309550. [1] [2] [3] Risk assessment and clinical interpretation of these disorders are defined by the number of CGG repeats and methylation status of the FMR1 gene. 4 Expansions in the triplet repeat region to Ͼ200 repeats are associated with hypermethylation of the FMR1 gene and the loss of FMR1 protein production, leading to the fragile X phenotype. This phenotype can include mental retardation, autism, and emotional and psychiatric challenges. 5 The severity of cognitive disability in FXS patients is not associated with the magnitude of the full-mutation allele 6 but does vary with methylation status. 7, 8 Moreover, premutation alleles (55-200 CGG repeats) are relatively common in the general population occurring in 1 in 130 -250 women and in 1 in 250 -810 men. 9 These allele expansions are associated with two novel disorders: fragile X-associated tremor/ataxia syndrome (OMIM# 300623) 10 and fragile X-associated primary ovarian insufficiency (OMIM# 300624). 11 Links between the methylation status of premutation alleles and the severity of these disorders have been implicated. 12, 13 Thus, characterization of repeat length and methylation status for each allele is a critical component of understanding FXS and associated disorders.
FMR1 Southern blot (SB) analysis is currently the gold standard method for the assessment of methylation in expanded alleles. However, this procedure is tedious, low throughput, requires large quantities of genomic DNA (gDNA), and provides inexact sizing across all categories of alleles. 4 For these reasons, various polymerase chain reaction (PCR) strategies for assessing methylation status have been reported. 14 -17 These methods, however, cannot query full-length premutation and full-mutation alleles due to inefficient amplification and/or they fail to provide allele-by-allele resolution of methylation patterns and, thus, are often restricted to analyses of male samples only. To date, no single approach other than SB has demonstrated accurate and comprehensive methylation assessments for expanded alleles in both male and female samples using a robust workflow that is compatible with clinical sample testing.
The lack of established methods that address current limitations in the determination of FMR1 methylation status using SB analysis motivated us to develop a high-throughput, two-color methylation PCR and capillary electrophoresis (CE) procedure (mPCR-CE). This technology leverages the utility of reagents previously demonstrated to reproducibly amplify full-mutation alleles. 18 The core approach involves pretreatment of the sample gDNA with HpaII, a methylation-specific restriction digestion enzyme, and, separately, a non-HpaII-treated aliquot of the same DNA, followed by longrange PCR. 18 The utility of HpaII in assessing FMR1 methylation using agarose gel electrophoresis was described by Carrel and Willard 19 and implemented into a CE workflow for other gene targets. 20 We combined HpaII pretreatment and the performance of novel gene-specific FMR1 PCR reagents 18 into a two-color PCR workflow that can reproducibly detect all allele repeat lengths, including full mutations with Ͼ1000 CGG. This report describes the evaluation of a simple and high-throughput PCR-based FMR1 assay that can accurately assess allele-specific methylation states in both male and female samples, including all premutation and full-mutation alleles, and thus support molecular analyses without the requirement for SB analysis. In addition, the increased sensitivity of mPCR-CE to detect low-abundance alleles, combined with high-resolution CE, revealed unexpected patterns of skewed methylation in female premutation samples that were unresolved using SB analysis.
MATERIALS AND METHODS
Clinical and cell line DNA samples DNA samples isolated from whole blood were obtained from subjects seen at the M.I.N.D. Institute Clinic after institutional review board approval. 18 Cell line DNA samples were obtained from the Coriell Cell Repositories (CCR, Coriell Institute for Medical Research, Camden, NJ). Clinical and cell line DNA samples were diluted to 20 ng/L in 10 mM Tris, 0.5 mM EDTA, pH 8.8 before PCR.
Preparation of plasmid DNA as CGG DNA, methylation titration, and digestion controls
Plasmid DNA controls containing CGG repeat DNA were prepared from PCR products of FMR1 alleles cloned into pBR322 following standard procedures. 21 Five plasmids were constructed: (1) a CGG DNA control to normalize 5=-hexachlorofluorescein (HEX)-and 6=-carboxyfluorescein (FAM)-signal intensities that had a migration window at approximately 40 CGG compared with a clinical sample FMR1 amplicon; (2) a secondary CGG DNA control that contained 90 CGG repeats; (3) a truncated CGG DNA control that contained 44 CGG repeats but an apparent mobility of "0-CGG" on CE analysis; (4) a methylation control used for analytical titration of percent methylation; and (5) a digestion control used in the HpaII treatment reaction to confirm activity of the restriction endonuclease. All plasmids were linearized with HindIII DNA (New England Biolabs, Ipswich, MA).
The primary CGG DNA control was constructed by inserting 30 nucleotides of a nonhuman DNA sequence into a plasmid containing 30 CGG repeats. The CGG DNA control plasmid was prepared at 1.5 ϫ 10 4 copies/L. The PCR product of the CGG DNA control migrated with an apparent mobility of approximately 40 CGG repeats (30 CGG ϩ 30 nt of nonhuman DNA). Except where noted, this CGG DNA control was spiked into every PCR and used to normalize signal intensities between the HEX-and FAM-labeled PCR products. In three samples, one FMR1 allele overlapped the CGG DNA control. In these cases, the secondary plasmid DNA, constructed from a 90 CGG DNA PCR product, was used to enable methylation assessment of the sample FMR1 alleles. In a subset of experiments (see Figures, Supplemental Digital Content 1, 2, and 3, http://links.lww.com/GIM/A147, http://links.lww.com/GIM/A148, and http://links.lww.com/GIM/A149), a "truncated CGG" control was constructed to prevent overlap with any FMR1 alleles. This truncated control was prepared from a plasmid that originally contained 44 repeats; however, the common gDNA regions flanking the CGG repeats were excised using standard restriction and ligation procedures to shorten the length of the PCR amplicon. The control retained the FMR1 primer binding sites and produced a PCR product that was 230 bp and had a mobility consistent with a theoretical native FMR1 amplicon without a triplet repeat tract.
Methylation titration controls were prepared from a plasmid containing 30 CGG repeats, cloned from human DNA. An aliquot of this plasmid was methylated with HpaII methyltransferase (New England Biolabs, NEB, Ipswich, MA). Various proportions of the methylated or unmethylated 30 CGG plasmid were admixed to produce 0 -100% methylated plasmid DNA. These standard mixtures were diluted to 1.5 ϫ 10 4 copies/L in a solution containing 20 ng/L of cell line DNA (645 CGG repeats, NA04025, CCR). The methylation controls were used to evaluate the analytical recovery of known percent methylation and to assess an in-tube HpaII digestion control. Finally, the digestion control plasmid was premixed with gDNA and included in a supplemental experiment to confirm the elimination of unmethylated FMR1 templates after HpaII digestion.
FMR1 methylation PCR
Two aliquots of 40 ng gDNA (2 L each of 20 ng/L) from each sample were prepared for methylation assessment using AmplideX™ Methylation PCR reagents (Asuragen, Inc., Austin, TX). One aliquot was mixed with 4 L digestion enzyme mix (containing HpaII) and the other with 4 L digestion control mix (containing digestion buffers). These samples were incubated in separate wells of a sealed 96-well plate at 37°C for 2 hours. After digestion, separate PCR mastermixes of methylation PCR reagents were added to the respective reactions. Each mastermix contained 20 L mPCR-CE AMP buffer, 0.1 L GC-rich polymerase mix, 0.4 L mPCR-CE CGG DNA control (containing 30 CGG ϩ 30 nt nonnative sequence), 2 L deionized water, and 1.5 L mPCR-CE primers (forward: 5ЈTCAGGCGCTCAGCTC-CGTTTCGGTTTCA-3Ј and reverse: 5Ј-FAM-or 5Ј-HEX-AAGCGCCATTGGAGCCCCGCACTTCC). 18 After mixing and mini-spin collection, a 24 L aliquot of the FAM-primer mastermix was added to the HpaII digested sample, and a 24 L aliquot of the HEX-primer mastermix was dispensed into the control reaction mixture. PCR was performed with an initial heat denature step of 95°C for 5 minutes, followed by 25 cycles of 97°C for 35 seconds, 62°C for 35 seconds, and 72°C for 4 minutes, and 72°C for 10 minutes. Amplicons were prepared for CE analysis or stored at Ϫ15 to Ϫ30°C. The sequence of the FMR1 amplicon along with indication of the two HpaII sites that are probed by the mPCR-CE assay is as follows:
Where the underlined regions designate sequences bound by the forward and reverse primers, the italicized and underlined CCGG sequences indicate the two HpaII sites, and the bolded text represents the CGG repeat region. A schematic of the general workflow, effect of HpaII treatment, and output of CE analysis is shown in Figure 1 .
Capillary electrophoresis
A 3130xl Genetic Analyzer (Applied Biosystems Inc.
[ABI], Foster City, CA) was used for all experiments except for interinstrument testing that also used a 3500xL Genetic Analyzer. Two L of unpurified PCR products (1 L each from the HEX-labeled products and FAM-labeled products) were mixed with 11 L of HI-DI Formamide ® (ABI) and 2 L of ROX 1000 Size Ladder (Asuragen), heat denatured at 95°C for 2 minutes, and transferred to the CE system for analysis. Except where noted, all injections followed the standard fragment sizing conditions (36 or 50 cm, POP7) of 2.5 kV for 20 seconds and a 40 minutes run at 15 kV. FMR1 amplicons exceeding 950 bp or approximately 250 CGG repeats had similar mobilities using POP7 on CE and were reported as Ͼ250 CGG. 18 
Data analysis
Electropherograms were analyzed using GeneMapper 4.0 (4.1 for 3500xL data) or PeakScanner V1.0 software (ABI). Peak selection criteria included the following conventions: (1) selection of the highest peak in a single or primary group of amplicons; (2) identification of secondary peak distributions as the first and last peak exceeding 50 rfu; and (3) identification of the tallest peak for alleles detected beyond 820 bp (approximately 200 CGG). We note that secondary peak distributions were predominately observed in female premutation alleles. The conversion of base pair size to number of CGG repeats was determined by linear regression to control amplicons produced from templates with 20, 29, 31, 54, and 119 CGG repeats. 18 All product peak sizes for each peak were converted to CGG repeat length using ([size i Ϫ230.2]/2.975). The percent methylation, %M i , was calculated as a ratio of peak heights between the digested (peak i , FAM ) and undigested sample (peak i , HEX ) normalized to the CGG DNA control amplicon peak height (CTRL HEX or CTRL FAM ) as shown in Equation 1:
Results of CGG repeat length and percent methylation for each detected allele were tabulated in MS Excel. Methylation values that nominally exceeded 100%, as described later, were scored as fully methylated.
SB analysis
SB analysis of the 80 clinical samples was performed as described. 22 Cell line DNA was prepared for SB using EcoRI and EagI (NEB) digestion. SB images were assessed categorically (unmethylated, partially methylated, and fully methylated alleles), and the percent of methylation in each sample was determined as reported previously. 22, 23 Sample results from mPCR-CE and SB were designated as concordant when the percent methylation determined by both methods agreed within 20%. Concordance was also established when the overall methylation status of similarly sized mosaics with different methylation states resolvable by mPCR-CE (e.g., one methylated species and one unmethylated species, or, when taken together, one partially methylated allele) was consistent with unresolved allele methylation state indicated
Control Digestion
Methylation Fig. 1 . mPCR-CE procedural workflow for the determination of methylation status of FMR1 alleles. Methylation status was assessed by comparing an aliquot of genomic DNA treated with HpaII and amplified with a FAM-labeled primer to an undigested aliquot amplified with a HEX-labeled primer. Unmethylated alleles were digested and, thus, unamplifiable in the subsequent PCR step, whereas methylated alleles were undigested and amplifiable by PCR. A plasmid CGG-rich DNA control was included in each PCR to normalize well-to-well differences in PCR amplification and CE detection efficiency. After PCR, amplicons from both reactions were pooled and injected into a single capillary. In the resulting electropherogram, the CGG repeat length was determined in the HEX channel and the percent methylation computed using a normalized ratio of signals in the FAM channel.
by SB analysis (e.g., a single partially methylated allele). Thus, size mosaics with similar mobilities as resolved by SB analysis but distinguished as separated peaks by mPCR had to be grouped according to the resolution limitations of SB to enable the appropriate method comparisons. Finally, samples that nominally presented Ͼ100% methylation were scored as fully methylated for purposes of comparisons with SB analysis.
RESULTS
An essential feature of mPCR-CE is full-length amplification of the entire CGG repeat region, including alleles with Ͼ1000 CGG. 18 The design of the mPCR-CE methodology is shown in Figure 1 . Sample DNA was treated with either HpaII, which degraded the unmethylated templates but retained the methylated alleles, or a control mix, which retained all full-length FMR1 alleles. A CGG-containing PCR control was included in both treatment arms to normalize intertube variation in amplicon yields. A loss in sample amplicon signal on CE indicated digestion and the absence of methylation at either of the two HpaII sites interrogated by the assay, whereas the retention of signal indicated methylation of the corresponding allele at both HpaII sites. The PCR products were then pooled and coinjected into the same capillary. The resulting electropherogram yielded size information for all alleles in the HEX channel and methylation information in the FAM channel. To calculate percent methylation, the ratio of peak heights for each allele was normalized to an external standard that was added to each PCR reaction.
A critical aspect of the mPCR-CE assay design is that two methylation-sensitive HpaII sites are assessed, rather than a single EagI or NruI site that is commonly used for fragile X SB analysis and has been well established to associate genotype and phenotype in patients. 23, 24 The rationale for an HpaII-based assay design was 2-fold: (1) to ensure continuity with the gene-specific primers used with the corresponding AmplideX™ FMR1 PCR CGG sizing assay 18, 25 and (2) to minimize the size of the PCR amplicons required to span the CGG repeat region and, thus, retain maximum resolution of the products during CE (as shorter products provide superior separation and more defined peak morphologies compared with longer products). Although previous work demonstrated the reliability of these same two HpaII sites for assessing X-inactivation at the FMR1 locus, 19 we pursued an in-depth analytical and clinical sample validation of the mPCR-CE assay to ensure the accurate interpretation of FMR1 methylation data. Consequently, the mPCR-CE assay was evaluated with in vitro methylated DNA standards, cell lines, and clinical samples. Cell line and clinical DNA samples were also analyzed by SB analysis. The purpose of this study was to determine the concordance of mPCR-CE with defined analytical standards, and to compare and contrast mPCR-CE sample assessments with the reference method of SB analysis.
Accuracy, reproducibility, and sensitivity of mPCR-CE with methylated DNA standards and samples
The accuracy of the two-color mPCR-CE workflow was evaluated using a set of quantitative analytical standards containing 30 CGG repeats and known methylation fractions. A total of eight independently quantified standards representing 0 -100% methylation were assayed either directly or after the standards were admixed with purified cell line gDNA containing a 645 CGG allele that was known to be fully methylated from SB analysis. A series of electropherograms highlighting the proportional change in signal in the FAM channel for the 30 CGG plasmid control are shown in Figure 2A . As the percent methylation increased, the signal for the 30 CGG template increased relative to the peaks for the CGG DNA control and the admixed 645 CGG full-mutation allele. The change in peak height was normalized to the CGG DNA control peak height and compared with the normalized ratio in the HEX channel (Equation 1). A linear relationship (R 2 ϭ 0.998) was observed between the known methylation fraction and the fraction empirically recovered after mPCR-CE (Fig. 2B) . Furthermore, the linearity of this relationship was reproducible across two operators on three different run days (R 2 ϭ 0.99; data not shown). Methylation of the 645 CGG allele was determined to be quantitative (108% Ϯ 3%) for each of the evaluated standards (Fig. 2B) . The reproducibility of mPCR-CE was further assessed across eight replicates of two normal alleles (30 and 32 CGG from a female clinical sample) and two full-mutation alleles (550 CGG and 940 CGG) on two CE instrument platforms (an ABI 3130xl and 3500xL). The calculated mPCR-CE methylation fraction yielded a CV Յ8% for the normal alleles and a CV Յ12-16% for the full-mutation alleles across the two different platforms (Table, Supplemental Digital Content 4, http://links.lww.com/GIM/A150). In addition, mPCR-CE results were reproducible across two different operators (CV ϭ 7%) using eight cell line samples, including four full-mutation samples (data not shown).
The sensitivity of mPCR-CE was addressed in two different experiments. In the first, titration of as little as a 1% mass fraction of a clinical full-mutation allele in a background of a normal 31 CGG allele was detectable in both the HEX and FAM channels ( Figure 2 , even a 10% methylation mosaic in the full-mutation range could be detected using clinical samples.
We note that measurements of percent methylation sometimes exceeded 100%. Such values were typically observed within the range of variation of the assay for well-represented alleles (Fig. 2) but were sometimes exaggerated at the lower limits of detection by the CE instrument in methylation assessments of very low-abundance alleles of questionable clinical significance (e.g., inputs of only 1% mass fraction of a clinical full-mutation sample; see Figure, Supplemental Digital Content 1, http://links.lww.com/GIM/A147). This said, it is important to note that methylation assessments in samples with such low allele representation (1% of 80 ng input or 800 pg gDNA equivalent across the two PCR reactions) were still categorically accurate (i.e., the full-mutation allele was correctly interpreted as fully methylated), and the result could be achieved with at least 5000-fold lower input compared with SB. mPCR-CE assessments of cell line DNA and comparisons with SB analysis mPCR-CE was evaluated with eight commercially available cell line DNA templates that included normal, premutation, and fullmutation alleles from both male and female samples. Electropherograms of four samples with matching SB data are shown in Figure  3 . In each case, the mPCR-CE results were consistent with the corresponding SB data.
Results for allele size and methylation status from mPCR-CE and SB analyses are summarized in Table 1 . The premutation male sample was categorically unmethylated (Fig. 3A) , and the four full-mutation samples were categorically fully methylated using both methods. A broad range of full-mutation allele sizes were approximately sized using SB and identified as Ͼ250 CGG. Categorically, all male full-mutation alleles were reported as fully methylated by both methods.
In the three female samples, the higher resolution possible by mPCR-CE revealed more nuanced size and methylation mosaicism compared with the lower resolution SB (Table 1) . For example, a mosaic female sample (NA06896, "23/95-140" according to CCR) was detected with primary peaks of 23, 112, 136 CGG, and four additional low-abundance peaks of 153, 175, 196, and 219 CGG (Fig. 3D) . The 23 CGG and 112 CGG peaks were partially methylated, the 136 CGG peak was fully methylated, and the peaks between 153 and 219 were completely unmethylated. These results were qualitatively similar to the "smear" of detected bands using SB analysis (Fig. 3D ). SB revealed a partially unmethylated 23 CGG allele, and a set of expanded unmethylated (Ͻ5.2 kb), and methylated alleles. Importantly, mPCR-CE data revealed individual size mosaic contributions to the different allele categories that combined to form the unmethylated smear pattern in SB (Table 1) . These initial results with cell line DNA were further substantiated with clinical samples representing a broader number and range of FMR1 genotypes.
Methylation PCR assay performance with clinical DNA samples
A set of 80 clinical specimens representing a range of clinically relevant triplet repeat sizes was evaluated with the FMR1 mPCR-CE assay. The allele sizes for the same samples were determined with gene-specific or CGG repeat primed PCR reported previously. 18 
Identification and resolution of methylation status in full-mutation alleles
The electropherograms and matched SB images for representative full-mutation clinical samples are shown in Figure 4 . As described previously, 18 the preferred CE configuration used in these experiments provided resolution of CGG repeat length up to approximately 250 CGG. Above this range, full-mutation alleles were detected independent of the repeat length and were identified as Ͼ250 CGG. In these cases, the percent methylation represented the aggregate methylation status of the distribution of sizes for the full-mutation allele. As supported by the data below, the overall percentage methylation for the broad category of full mutations was accurately assessed relative to SB analysis. For example, in the male full-mutation sample 88 (Fig.  4A) , the expanded allele was detected primarily in the methylated region of the SB with a faint product (approximately 10 -20% signal) in the unmethylated region. mPCR-CE revealed 82% methylation for this sample, consistent with the SB result. In the female full-mutation sample (no. 117, Fig. 4B ), mPCR-CE results indicated partial (44%) methylation of the 30 CGG allele and full (104%) methylation of the expanded allele consistent with SB analysis for both alleles.
mPCR-CE simplified the identification of methylation status in more complex samples that can be problematic for SB analysis. The male full-mutation sample 125 (Fig. 4C ) presented a very low-intensity smear across the unmethylated region (3 to Ͼ5 kb). Using mPCR-CE, the full-mutation peak was clearly detected in the HEX but not the FAM channel despite robust amplification of the corresponding reference CGG DNA PCR control in both channels. Thus, the fullmutation allele was unmethylated. In the final example (Fig.  4D) , an unusual pattern of size and methylation mosaicism was resolved. By SB analysis, the full-mutation allele appeared partially methylated, whereas mPCR-CE revealed two distinct allele sizes with skewed methylation. The predominant fullmutation signal was observed in the unmethylated longer template(s), whereas the less abundant templates at approximately 200 CGG were fully methylated. Thus, the differential methylation of theses two size mosaics was more clearly resolved by mPCR-CE, and the methylation pattern was more complex than that indicated by SB.
Identification of novel skewing patterns in female premutation alleles that were undetected by SB analysis
Electropherograms and matched SB images for four representative female premutation samples are shown in Figure 5 and 109 -125 CGG (Fig. 5A-D, respectively) . After digestion and amplification with FAM-labeled primers, only the shorter CGG repeat lengths within each mosaic sample were detected. The size mosaicism was neither observed in the HpaII-treated FAM channel of any female samples nor was it observed after the PCR of any of the 12 tested male premutation alleles of comparable repeat length. Thus, we conclude that this pattern was not an artifact of polymerase "stuttering" but a true representation of the biological heterogeneity of the female premutation allele. In these samples with two populations of allele sizes in the premutation allele, the more expanded CGG repeats were completely unmethylated. This unexpected size mosaicism and skewed methylation pattern was uniquely identified in 83% (15/18) female premutation samples within the tested cohort. In contrast, the resolution limitations of SB yielded only one detectable premutation band in each case and, thus, masked this level of biological detail. We also note that the skewed mosaicism observed was not specific to an analysis of methylated HpaII sites. In fact, the same pattern was observed when the template was treated with EagI, rather than HpaII, and analyzed using a modification of the mPCR-CE method that permitted the 
Concordance with SB analysis
The CGG repeat length and percent methylation were tabulated for each clinical sample and compared with the results of previously determined SB analysis (Table, Supplemental Digital Content 5, http://links.lww.com/GIM/A151). Because of the higher resolution of CE, some alleles that were readily distinguished by mPCR-CE were unresolved by SB (such as two normal premutation alleles of similar size). In these cases, alleles were grouped to match the resolution limits of SB analysis. For example, sample 75 (Fig. 5C ) revealed two allele populations of 90 CGG (99% methylation) and 92-101 CGG (0% methylation) with an overall grouped "partial methylation" status for that allele. This grouping was consistent with SB analysis for the unresolved migration difference between these two size mosaics and an overall 50% methylation status (Table, Supplemental Digital Content 5, http://links.lww.com/GIM/A151). In another similar case, sample 09 (Fig. 4D) presented two full-mutation allele populations with distinct methylation status. These alleles were aggregated to match the sizing ambiguity of SB and com- Fig. 5 . mPCR-CE identifies novel patterns of skewed methylation in female premutation alleles that are obscured using low-resolution SB. Electropherograms for the control reaction in the HEX channel (left) are compared with electropherograms for the HpaII reaction in the FAM channel (right) for a series of female premutation samples. In each case, differential and skewed methylation patterns were observed (plot insets). CGG repeat lengths were reported as the highest peak in the primary group of alleles and as a range of peaks exceeding 50 rfu for the secondary group. The corresponding SB images are included for samples A, 72; B, 95; C, 75; and D, 76.
bined for partial methylation of the expanded allele. The results for all samples having at least one allele Ն55 repeats, as determined using mPCR-CE, are summarized in Table 2 within genotype and methylation categories. As expected, full-mutation alleles were typically methylated, and premutation alleles were unmethylated. Across 63 samples with expanded alleles, including 33 full mutations, the mPCR-CE results were in perfect agreement with SB analysis.
DISCUSSION
Determination of FMR1 CGG repeat size and methylation status currently requires a combination of PCR and SB analysis. 4 SB analysis is a labor-intensive process that provides an approximation of triplet repeat length and a visual estimate of methylation for only those alleles that can be well resolved by slab gel electrophoresis. This sizing limitation reduces the ability to distinguish large premutation from full-mutation alleles and can cause large uncertainties in sizing accuracy. PCR in combination with CE offers sizing accuracy within 1 or a few triplet repeats, 25, 26 but technical challenges in the amplification of large CGG expansions have historically restricted repeat quantification to normal and smaller premutation alleles. Nevertheless, the strong need to improve the workflow and data quality from SB analysis has motivated a number of studies that have attempted to assess FMR1 methylation status by alternative methods. 14 -17,27-31 Most of the described methods have exploited the resistance of 5-methylcytosine to bisulfite conversion to reveal the corresponding epigenetic mark. When appropriate conversion procedures and controls are used, bisulfite methods are accurate and highly reproducible. 32, 33 For FMR1, however, bisulfite-based methylation PCR methods have been practically limited to evaluations of male samples only (because of the mixed methylation states that confound interpretations of female samples) and/or have demonstrated limited utility for expanded alleles. In general, published methods have required the use of primers that are complementary to the repeat region to create a series of amplicons of various lengths that telegraph the presence of an expanded allele 29 or have relied on short amplicons that flank representative methylation sites as an alternative to amplifying the entire CGG repeat region. 28 For example, Zhou et al. 29 modified the conventional bisulfite approach using a threecolor, three-PCR methodology compatible with CE analysis. Although the method did identify methylation status in fullmutation alleles, large female premutation alleles confounded the results, and underlying allele-specific methylation patterns were excluded. In addition, Coffee et al. 30 used a quantitative methylation-sensitive PCR to identify FXS males, but not females, in a pilot newborn screening study. As an example of alternatives to bisulfite treatment, Nygren et al. 28 described a multiplex ligation probe amplification procedure of endonuclease-treated DNA, but, again, the method was only suitable for the analysis of male samples.
In this study, we evaluated a simple PCR and CE workflow to accurately determine the allele size and specific methylation state of normal and expanded FMR1 alleles in both male and female samples. Methylated and unmethylated alleles were differentiated using a methylation-sensitive restriction enzyme, HpaII, and color-specific PCR primers. We note that the utility of HpaII digestion in assessing FMR1 methylation, and the activity of the X chromosome in general, was previously established by Carrel and Willard. 19 A key innovation that enabled the analysis of methylation status by mPCR-CE was the development of a PCR assay for the analysis of full-mutation FMR1 alleles. 18 In addition, plasmid controls that contain CGG repeats offered improved normalization of signal intensities and supported robust quantification of the methylation fraction for each allele.
The mPCR-CE method provided a streamlined workflow by eliminating purification steps and minimizing reagent transfer steps. The procedure can support high-volume sample analyses, requiring approximately 2 hours of total hands-on time (much of which can be automated) to process up to 48 samples per operator. Another advantage of the method is that mPCR-CE requires an input of only 80 ng of DNA, which is 50-to 100-fold less than SB and 10-fold less than bisulfite 15, 27, 29 or other HpaII-mediated PCR methods. 19, 34, 35 mPCR-CE yielded concordant and novel information with respect to SB analysis. In both methods, a methylation-sensitive restriction enzyme that fails to cleave methylated sites is used to delineate methylated and nonmethylated alleles. We compared HpaII-digested DNA followed by PCR-CE with SB analysis and demonstrated concordance between the two methods. We also note that the data outcomes relevant for FMR1 analysis are the CGG repeat length and the allele-specific methylation fraction. This fraction is the reciprocal of the FMR1 activation ratio for normal alleles. 36 Importantly, mPCR-CE determination of the X-activation ratio from 8 normal females (0.51) and 12 female full mutations (0.67) in our study (Table, Supplemental Digital Content 5, http://links.lww.com/GIM/A151) was consistent with previously published data derived from SB analysis of EagI-digested gDNA. 6 A novel outcome of this study was the finding that highresolution methylation assessments of the FMR1 repeat region revealed molecular information that was undetectable in SB images. For example, mPCR-CE identified low-abundance mosaic alleles (Figs. 2 and 4 and Supplemental Digital Content 1 and 2, http://links.lww.com/GIM/A147 and http://links.lww.com/GIM/A148) and indicated differential methylation of premutation and full-mutation alleles (Figs. 4  and 5 ). mPCR-CE also revealed novel skewing patterns in 15 of 18 female premutation alleles (Fig. 5 and Table, Supple- Digital Content 3, http://links.lww.com/GIM/A149). The implications of these findings are the subject of ongoing experiments, but we speculate that such skewed methylation may be linked to the instability of the premutation allele. Potential limitations of the mPCR-CE technique include overestimation of methylation resulting from incomplete HpaII digestion, lack of resolution for full-mutation sizing beyond 250 CGG, and, infrequently, comigration of the CGG repeat control with amplicons of biological alleles of similar size. Each of these limitations can be addressed. Evidence of incomplete digestion was not observed in our study. Even so, a spiked-in digestion control would be valuable in routine mPCR-CE assays to assess the efficiency of digestion of each sample rather than rely on digestion controls that are run with each batch of samples. In preliminary testing, a plasmid that contained unmethylated HpaII sites was mixed with gDNA before HpaII treatment or the control reaction. This digestion control eliminated 97% of the plasmid amplicon signal (Table, Supplemental Digital Content 6, http://links.lww.com/GIM/A152). Sizing and methylation assessment of a fully methylated full-mutation allele and an added analytical standard with known 20% methylation recovered the expected methylation fractions and were unaffected by addition of the digestion control. These results suggest the compatibility of such a control in future studies.
Furthermore, constraints of CE that limit the sizing window for FMR1 amplicons to approximately 250 CGG can be expanded using agarose gel electrophoresis, as demonstrated in our previously published report. 18 Amplicons produced from the control digestion reaction can be separated by agarose gel, and the CGG repeat length can be determined relative to an appropriate DNA ladder. Thus, this simple step can circumvent the need for a cumbersome SB process to size very long expanded alleles.
Finally, we note that 3 of 80 (3.75%) samples in our clinical sample cohort presented at least one allele amplicon that overlapped with the plasmid control amplicon detected at approximately 40 CGG after CE. The methylation status of these three samples was determined using an alternative plasmid control (a pBR322 construct from a 90 CGG amplicon). We are currently evaluating a GC-rich control that migrates outside of the biologically relevant repeat region to address this issue. This control includes a series of CGG repeats but migrates as a PCR product with "0-CGG" due to the deletion of sequences outside of the CGG repeat region. The 0-CGG control was successfully used in preliminary studies as the normalizing signal amplicon in Figures, Supplemental Digital Content 1 and 2, http://links.lww.com/GIM/A147 and http://links.lww.com/GIM/A148. The possible range of CGG repeat lengths in the normal region suggests that implementation of this truncated DNA control will facilitate routine FMR1 characterization without the need to accommodate overlap with target alleles.
To date, the mPCR-CE technology evaluated in this study is the only PCR-based methodology that has been reported to detect and resolve methylation status from full-length tripletrepeat-containing amplicons in both male and female samples with concordant results to SB analysis. The procedure is amenable to routine analyses and high-throughput screening applications. The implementation of mPCR-CE may depend on the needs of the laboratory environment. In one possible workflow, our previously described repeat primed PCR could be used for assessment of size, zygosity, and indication of AGG interrupting sequences for all incoming samples. 25 Reflex methylation assessments could be performed using mPCR-CE for only those premutation and full-mutation samples that require such analyses. This strategy may be particularly effective for large sample sets of diverse allele genotypes that require comprehensive molecular characterization. Alternatively, mPCR-CE could be used to analyze all samples, such that CGG repeat length and methylation status would be obtained in a single PCR workflow without the complications of reflex testing.
In conclusion, we propose that mPCR-CE offers a technology foundation for comprehensive FMR1 molecular assessments using a PCR-only assay approach. Moreover, this approach has the potential to provide new molecular information unresolvable by SB analysis that may support a more complete understanding of fragile X disorders.
